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SUMMARY

The effect of turbopump design on rocket gross weight was investi-

gated for a high-pressure bleed-type hydrogen-reactor long-range rocket

with a fixed mission. Axial-flow_ mixed-flow 3 and centrifugal pumps

driven by single and twin turbines were considered.

With an efficiency of 0.7 assumed for all pumps_ the lowest rocket

gross weights were obtained with an axial-flow or a mixed-flow pump

driven by a single turbine of at least eight stages. All turbopump com-

binations could be used_ however_ with gross weight varying less than 8

percent for a given payload.

Turbopump efficiencies have a significant effect on the ratio of

gross weight to payload with the magnitude of the effect determined by

the ratio of rocket structural weight to total propellant weight. One

point in pump efficiency is worth 0.2 percent in gross weight for a

given payload with a structural weight parameter of O.1, and 0.6 percent

with a structural weight parameter of 0.2.

Turbine and pump weights are much less significant in terms of

gross-to-pay weight ratio than the efficiencies of these components.

One point in pump efficiency is equivalent to approximately 15 percent

in pump weight_ while 1 point in turbine efficiency is equivalent to

about 7 percent in turbine weight.

INTRODUCTION

The characteristics of a rocket with given payload_ mission_ and

thrust-chamber conditions are affected in two ways by the turbopump:

(1) The mass of the turbopump must be accelerated to the burnout veloc-

ity and consequently influences the expenditure of propellant_ and (2)

the turbine flow rate, that fraction of the propellant flow that is di-

verted through the turbine_ directly influences the effective specific
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impulse of the propellant. These considerations indicate the desirabil-
ity of low turbopump weight and low turbine flow rate.

The effect of turbopump design, and hence of turbopumpweight and
turbine flow rate, was investigated for a high-pressure bleed-type
hydrogen-propelled rocket with a nuclear-reactor heat source. This was
done for a vertical flight that was determined as the equivalent of an
earth-satellite mission. Turbopumpweights were calculated for three
types of pumps: axial flow, mixed flow, and centrifugal, driven by
single turbines and by two turbines in flow parallel. Investigation of
these systems required consideration of the nt_mberof turbine stages
and turbine flow rate as independent variables.

This report presents the pumpand turbine design information, the
method used in matching the turbopump componentsfor the prescribed ver-
tical flight, and results of the investigation in terms of the ratio of
gross weight to payload for each turbopump type, the number of turbine
stages, and two rocket structural-weight parameters.

DESCRIPTIONOFROCKETSYSTEM

Rocket Requirements and Characteristics

A single-stage, hydrogen-propelled nuclear satellite vehicle was
selected for investigation. A propellant blee_ system was considered
for supplying the power required to pumpthe liquid hydrogen from the
tank storage pressure to the reactor inlet pressure. This system di-
verts a small fraction of the pumpexit flow to a suitable heat source
for heating to the turbine temperature, after which it expands through
the turbine to provide the required pumpshaft power. A diagram of the
componentsof the system and flow between the _omponentsis shownin
figure 1.

It was assumedthat the turbine exhaust g_s would result in no
thrust in the direction of flight. The effect of turbine flow on effec-
tive specific impulse of the total propellant flow maytherefore be
shownas follows:

 eff= I(1- y) (1)

where I is the rocket-nozzle specific impulse and y is the bleed

rate, the ratio of turbine flow to pump flow. (All symbols are defined

in appendix A.) The rocket-nozzle specific im0ulse used in this equa-

tion was 740 seconds and corresponds to a reactor temperature of 4500 ° R

and a nozzle area ratio of 25. Effective specific-impulse values for a

range of bleed rate were calculated and used in the equations for veloc-

ity and altitude at burnout for vertical flight with no atmospheric drag

and constant gravity. The equation for velocity,

Vb = Ief f gin We



is equation 12-18 from reference i, with the mass conversion and gravity
terms assumedequal and constant.

hb = tb/lef f g

\

The equation for altitude,

Vb + gtb i

Wg-1 2gt

we .

Cs)

is a rearranged form of equation 12-20 of reference i. Since each value

of bleed rate results in a value of effective specific impulse, equa-

tions (2) and (3) may be solved simultaneously when Vb and hb are

specified. The vertical mission was used to simplify the determination

of turbopump and bleed-rate effects and was determined as the equivalent

of the satellite launch mission. It was equivalent in that the effec-

tive specific impulse, the ratio of gross weight to empty weight, and

duration of powered flight were the same. Numerical values used to de-
termine the reference vertical mission were as follows:

Effective specific impulse, leff, sec ............. 718

Bleed rate, y ........................... 0.05

Ratio of gross weight to empty weight, W_W e ........... 4.93

Duration of powered flight, tb, sec ................ 557

The vertical mission corresponding to these values included a velocity

at the end of powered flight of 26,000 feet per second and an altitude

of 2,800,000 feet. This burnout condition was held constant for all

subsequent calculations.

Figures 2 and 3 show gross-to-empty weight ratio Wg/W e and time

tb as functions of bleed rate y for this equivalent vertical mission.

A reference payload of i0,000 pounds was used where necessary in

estimating component weights. The component weights were assumed linear

with pump flow rate. Although this is not strictly correct for wide

ranges in pump flow rate, the comparisons among the various turbopump

systems investigated are valid because flow rate varies only slightly

from one turbopump system to the next for any given payload.

Relation Between Rocket and Turbopump

Turbopump weight is related to payload, propellant, and structural

weights as shown in the following equation:

Wg = W e + Wpr = WL + WTp + Wpr + S--Wpr (4)
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where the last term represents the structural weight and includes the
reactor, nozzle, guidance, connective structure, and so forth. The term
S is defined as the ratio of this structural weight to total propellant
weight. Equation (4) can be rearranged to provide an expression for the
ratio of gross weight to payload:

_- We

WL aSTp)(w e - l) (s)

where Z_STp is equal to WTp/Wpr.

The ratio of gross weight to empty weight for a given vertical mis-

sion is a function of bleed rate, as shown in equations (i), (2), and

(3); so the ratio of gross weight to payload pay be shown as a function

of 2_Tp for a given value of the structural parameter S and the bleed

rate y. Two values of S, 0.i and 0.2, were used in the subject inves-

tigation and are representative of the range cf values currently being

considered for this type of rocket. Results of calculations made with

ranges of bleed rate and turbopump weight parameter are shown in figure

4 for both values of the structural parameter (this figure is discussed

later in the report).

Pump Requirements

A tank storage pressure of 50 pounds per square inch absolute was

arbitrarily specified with a reactor operatin_ pressure of 1200 pounds

per square inch absolute, thus specifying operating pressures for the

pumps to be considered. Pump speed was deternined from considerations

of turbopump weight and pump cavitation. A h_gh rotative speed is de-

sirable to keep the turbomachinery dimensions and weight low, but cavita-

tion at the pump inlet limits the speed to values at which cavitation

will not seriously impair pump performance. _ fairly conservative value

of suction specific speed SS (commonly used to indicate the severity of

cavitation) of 20,000 was selected as a desigr limit for the inducer or

inlet stage.

DETAILS OF TURBOPUMP CONSIII_0NS

Turbopump Configurations Considered

Three pump types were considered for the subject application: axial

flow, mixed flow, and centrifugal. These pump.s were to be driven di-

rectly by one or two turbines. One and two turbine drive systems were



considered in order to determine which w_s most advantageous for each
pumptype. Turbine exit flow area is limited by blade and disk stresses
at any given rotative speed, so that turbine pressure ratio, and con-
sequently specific work, is limited. The use of twin turbines, each of
which utilizes half of the bleed flow at the samerotative speed and
exit flow area, provides twice as muchexit flow area per pound of tur-
bine flow and thus the possibility of more work per pound. The increased
potential in turbine specific work will result in lower required bleed
rates for a given shaft work. The two-turbine system is heavier, how-
ever, and the net effect of decreasing the bleed rate while increasing
the turbine weight must be determined.

Seven combinations of pumpsand turbines were considered in the
subject investigation and are shownschematically in figure 5. They may
be described briefly as follows:

(i) Axial-flow pump with single turbine. This system has turbine

and pump thrusts acting in opposite directions. These thrusts were ap-

proximately equal for the matched turbine and pump with the 10,000-pound-

payload case, and a thrust bearing was considered adequate to support
the thrust load.

(2) Mixed-flow pump with single turbine. This pump includes two

loaded stages in addition to the inducer stage, each of which had a

thrust approximately equal to the turbine thrust for the reference

10,000-pound-payload case. The two pump stages were arranged for oppos-

ing thrust, and a balance device was required to compensate for the tur-

bine thrust. The pressures causing the turbine thrust, upstream of the

first rotor and downstream of the last rotor, were therefore used to

load the rotating balance disk, which was slightly smaller than the

rotor hubs. The chambers on opposite sides of the balance disk were

separated by a peripheral seal on the disk. Weight of the seal assembly

was calculated for the reference case and was divided by the reference

pump flow to obtain a balance-assembly weight parameter WB/W P to in-

clude in the turbopump weight parameter.

(3) Centrifugal pump and single turbine. The arrangement of parts

and the method for determining balance-assembly requirements were the

same as for the previous combination.

(4) Axial-flow pump and twin turbines. Because the thrusts of the

pump and one turbine were approximately equal, a balance assembly was
required to balance the thrust of the other turbine.

(5) Divided axial-flow pump and twin-turbine drive. This system

employs the same axial pump divided, so that the two groups of stages

will have equal thrusts that can be opposed to result in no net thrust.
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This eliminates the need for a balance assembly, since the turbine
thrusts can also be opposed.

(6) Mixed-flow pumpand twin-turbine drive. This system can be
designed for little or no shaft thrust, so that no balance disk was
necessary.

(7) Centrifugal pumpand twin-turbine drive. This system is essen-
tially the sameas the mixed-flow-pump - twln-turbine system regarding
arrangement of parts and shaft thrust considerations.

PumpDesigns

Three pumps, axial-flow, mixed-flow, and centrifugal, were designed
in sufficient detail to give reasonably accurate weight determinations.
The pumpdesigns are shownin figure 6, and the design parameters are
given in table I. Each pumpincluded an inducer stage to add enough
head so that the following pumpstages would not cavitate. Someof the
features of the individual types of pumpsare discussed in the following
paragraphs.

Axial-flow pump. - The axial-flow pump was designed for a rotative

speed of 20,000 rpm, which corresponds to a suction specific speed of

19,_00 for the design reference flow rate of 360 pounds per second and a

suction head of ll50 feet. This flow rate corresponds to the reference

payload of lO,000 pounds, a structural weight parameter of 0.165, and a

turbopump weight parameter of 0.007. The inducer inlet was optimized by

the method shown in reference 2 for a 0.5 hub-tip radius ratio. The

loaded stages have the same tip radius as the inducer, but the hub-tip

radius ratio was increased from 0.5 to 0.6 to get acceptable blade

stresses in the loaded stages by decreasing the bending moment. Bending

stresses were larger than centrifugal stresses, so a reduction in bend-

ing moment effectively reduced the total stresses.

In addition to the inducer, eight axial stages with constant energy

addition were selected. Twenty-five blades per stage were used so that

a high blade solidity could be maintained with a small blade chord.

These design conditions were selected to obtain acceptable pump perform-

ance according to the concepts advanced in reference 3.

Mixed-flow pump. - The mixed-flow pump was also designed for a ro-

tatlve speed of 20,000 rpm. Two mixed-flow punp stages were required

to develop the design head, because the stresses in a single stage were

too great at the required single-stage rotor tip speed with either high-

strength stainless steel or aluminum. By developing equal head in two

stages 3 the rotor tip speed was reduced sufficiently so that either a
stainless steel or an aluminum rotor could be used. The stainless steel



and aluminum rotors have about the samelimiting tip speed in this case
because (1) the blade bending stress is much less than rotor centrifugal
stress, and the blade bending stress is not maximumwhere the centrifu-
gal stress is maximum;and (2) the limiting-stress-to-density ratios are
about the samefor both materials. The aluminum rotor was selected be-
cause it is lighter.

A pumpinlet radius lower than the optimum inducer tip radius (from
cavitation considerations) is desirable in order to obtain a larger
blade over which the loading can be distributed. The blade hydrodynamic
loading was considered to have a greater effect on the over-all pumpef-
ficiency than that of optimizing the inducer inlet for cavitation. An
inducer with a tip radius of 89 percent of the theoretical optimum tip
radius was selected. The pumpinlet tip radius was 82 percent of the
theoretical optimum inducer tip radius. It was assumedthat the reduc-
tion of inducer pumpdimensions would not decrease the pumpreliability
with regard to cavitation, especially at a suction specific speed of
only 19,400. It was also assumedthat any changes obtained in over-all
efficiency by the reduction in size from the theoretical optimum are
more than offset by the weight savings over a mixed-flow turbopump unit
that uses the optimumpumpinletby turning at a lower rotative speed.

Centrifugal pumps. - Based on a consideration of centrifugal and

blade bending stresses, a tlp-speed limit for the centrifugal pump was

set at 1200 feet per second for this application. Because the required

head cannot quite be developed in one stage, the centrifugal pump is

penalized in this comparison of pump types by having to use two stages

that cannot utilize to full advantage the high tip speed available from
stress considerations.

An outlet-to-inlet radius ratio of 1.8 was selected as a lower

limit for radial blades from the standpoint of the blade loading. The

combination of a required tip speed of 980 feet per second, a minimum

radius ratio of 1.8, and a desired rotative speed of 20_000 rpmwith the

weight flow of 360 pounds per second resulted in a high inlet axial

velocity and an inlet radius much less than the theoretical optimum in-

ducer radius_ so the rotative speed was reduced to 16_000 rpm_ which

resulted in a larger tip diameter for this pump than for either of the

other types.

S_lit axial pump. - The split axial pump is the same hydrodynamic

design as the axial pump with a different mechanical arrangement to

reduce the pump thrust and, hence_ to eliminate a balance assembly for

the twin-turbine arrangement.
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PumpWeight Estimates

The weight of each pumpwas estimated from design layouts for the
reference payload of lO, O00pounds and its associated pumpflow rate of
360 pounds per second. It was assumedin the investigation that pump
weight is linear with pumpflow rate, so that each pumpwas associated
with a constant value of the ratio of pumpweight to pumpflow rate
Wp/wp. A balance-assembly weight parameter WB_wP was also estimated
for each turbopump type and w_s held constant. Table I showsvalues for
these parameters. The assumption of constant weight parameters is con-
sidered sufficiently accurate for comparisons amongpumptypes for any
given application. A pumpefficiency of 0.7 was assumedfor the designs
used in estimating weights. Differences in efficiency would affect
these dimensions slightly by changing fluid densities within the pump
and in the exit diffusers. This effect was neglected in evaluating the
effect of pumpefficiency on the rocket.

An additional parameter, wpN2, is a constant for each pumptype and
is useful in pump-turbine matching as shown subsequently. This param-
eter is shownto be a constant from the continuity equation at the pump
inlet and the relation between tip speed and z_tative speed:

0Vx r [ ( tl 1

The parameter wpN 2

60 Ut
N=

2_r t

can then be written

oVx t2

The terms appearing to the right are independent of size and flow rate,

and thus the parameter wpN 2 is constant for each pump type.

Turbine Consideratio _s

Reference 4 describes a method for relating turbine weight to pump

flow, pump work, blade speed, inlet gas condizions, bleed rate, and num-

ber of turbine stages. Included in this reference is a set of curves

relating turbine efficiency to the speed-work parameter h and to the

number of turbine stages. Loss coefficients _sed in the determination

of this relation were obtained from cold-air tests of small transonic



turbines. These curves were used in the subject investigation with the
assumption that the trends in efficiency with the speed-work parameter
and turbine staging would be the samewith pure hot hydrogen. The
levels of efficiency maybe somewhatdifferent for hydrogen, but this
would not significantly affect the results of conclusions obtained in
the investigation because all combinations of turbines and pumpswould
be affected in the samemanner.

The pumpwork was calculated as that required to pumpthe liquid
hydrogen from a tank storage pressure of SOpounds per square inch abso-
lute to a pumpexit pressure of 1200 pounds per square inch absolute
with a pumpefficiency of 0.7. This resulted in a pumpspecific work of
68.8 Btu per pound. Turbine specific work is therefore 68.8 divided by
the bleed rate. All turbine designs considered included a blade tip
speed of 1400 feet per second and an exit hub-tip radius ratio of 0.79.
These numberscorrespond to limiting blade and disk centrifugal stresses
with high-temperature alloys now in use. A constant-stress disk design
was selected in order to permit the use of high blade speeds. Someof
the details of this disk design are shownin figure 7, which is repre-
sentative of the turbines considered in the subject investigation. This
figure shows a multistage turbine designed for limiting disk and blade
stress and for work requirements corresponding to the pumpconsidered
herein. The design turbine inlet temperature was 1860° R in each case.
With an assumedpressure drop of 200 pounds per square inch through the

reactor heat exchanger and throttle valve, the turbine inlet pressure

was 1000 pounds per square inch absolute.

The calculation method of reference 4 was used to relate the ratio

of turbine weight to pump flow to the ratio of turbine frontal area to

pump flow for several values of bleed rate. This is shown in figure 8_

which was used in matching turbines and pumps as described in a subse-

quent section of the report. Turbine weights were determined with the

following equation, which shows turbine weight as a function of turbine

frontal area AT and stage number n.

W = 70A_/_ (8)

This equation represents within lO percent the weights of a series of

rocket turbines previously designed and is discussed in reference 4.

Matching of Turbopump Components to Determine

Rocket Gross Weight Variation

Turbine frontal area _r_ T may be expressed as a function of

turbine tip speed and rotative speed:

A : (9)
N 2
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Dividing each side by the pump flow results in an expression for the

ratio of turbine frontal area to pump flow rate, one of the parameters

plotted in figure 8:

wp wpN2

Turbine tip speed is constant at 1400 feet per second, as noted previ-

ously, and each pump type is associated with a single value of the quan-

tity wpN 2, and consequently of the turbine area parameter. This area-

parameter value is applicable for either a single-turbine or a twin-

turbine drive, and Wp in both cases refers t_ the entire pump flow.

Sin61e-turbine matchin 6. - The method used in matching the turbo-

pump components and the rocket for each turbopump configuration at sev-

eral bleed rates may be summarized as follows for a single-turbine drive:

(i) Several bleed rates are selected.

(2) The turbine weight parameter W_/wp is read on figure 8(a) for

each bleed rate at the turbine area parameter _ppropriate to the pump

type being investigated.

(3) The turbine weight parameter for each bleed rate is then added

to the pump weight parameter Wp/Wp and the balance-assembly parameter

W_Wp to obtain the total turbopump weight parameter WTp/W P.

(4) The duration of powered flight tb is read from figure 3 for
each bleed rate.

(5) The turbopump weight parameter is thea divided by burning time

to obtain WTp/wpt b or ASTp , the abscissa of figure 4.

(6) The ratio of gross weight to payload is then read from figure 4

for each bleed rate and its associated value off ASTp from step 5.

(7) The number of turbine stages is deternined with equation (8)

and the turbine area and weight parameters of step 2. This is necessary

because the values of WT/W P obtained in step 2 correspond to frac-

tional numbers of turbine stages.

(8) The ratio of gross weight to payload is then plotted against

the number of turbine stages to obtain solutions for gross-to-pay weight

ratio at integral numbers of turbine stages.
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An example of this procedure is shownin Appendix Bo

Twin-turbine matchin 6. - Matching the various pumps with the twin-

turbine drives required that one-half the total bleed rate be used in

step 2 with figure 8(b). The curves for figure 8(b) were determined for

one-half the total pump work and a low rate of bleed. It is also re-

quired that the turbopump weight parameter in step 3 include the weight

of both turbines, twice the value of WT/W P read in step 2 from figure

8(b). All other steps in this procedure are identical with those of the

single-turbine procedure.

RESULTS

Effects of Turbopump Design on Gross-to-Pay Weight Ratios

Figures 2 and 5 show the effect of turbine flow rate on the ratio

of gross weight to empty weight and on burning time for the vertical

flight used in the analysis. Both of these quantities increase steadily

with increasing bleed rate because of the correspondingly decreasing

effective specific impulse. The values shown in figures 2 and 3 are in-

dependent of the rocket structure, and consequently of turbopump weight,

and were used to relate the structure, payload, and turbopump to gross

weight through the effect of bleed rate.

Figure 9 shows the ratio of rocket gross weight to payload for each

turbopump type investigated over a range of the number of turbine stages,

for two rocket structural weight parameters, O.1 and 0.2. All curves

show rapid increases in gross weight as the number of turbine stages is

decreased below eight; this indicates that large numbers of turbine

stages are desirable for any turbopump combination. These increases in

gross weight result from the higher turbine flow rates required to pro-

duce the shaft power at the lower numbers of stages and the associated

lower turbine efficiencies° A second point of interest is that, for

each pump type 3 the twin-turbine drive resulted in a higher ratio of

gross weight to payload than the single-turbine drive. The reduction

in bleed rate made possible by doubling the turbine exit flow area was

accompanied by a doubling of turbine weight at any given number of

stages in each turbine. The turbine weight increase predominated, how-

ever, resulting in greater rocket gross weight as well as greater cost

and complexity. It is apparent s thenj that the twin-turbine drive is

undesirable for this rocket regardless of pump type. Parts (a) and (b)

of figure 9 indicate these trends in the same manner but at different

levels of gross-to-pay weight ratio as dictated by the two selected

structural parameters.

Turbines with twelve stages were arbitrarily selected to compare

the various turbopump systems_ since the gross-to-pay weight ratio for

each system reaches a value at or near its minimum value at this number
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of turbine stages. Table II shows the gross-to-pay weight ratio for
both structural weight parameters for twelve-stage turbines. The dif-
ferences amongthe turbopump types at the lower structural weight param-
eter are rather small, with all types resulting in gross-to-pay weight
ratios between 8.19 and 8.43, a spread of only 2.9 percent. The single-
turbine drive systems gave gross-to-pay weight ratios varying between
8.193 and 8.273. This is a range of only 1.O percent and is equivalent
to 800 pounds of gross weight with a payload cf lO,O00 pounds. The twin-
turbine drive systems result in higher gross-to-pay ratios as noted pre-
viously 3 and with each drive system the highest gross weight is associ-
ated with the centrifugal pump. This occurs because of the lower rota-
tive speed that resulted from pumpdesign considerations. This lower
rotative speed in combination with the fixed-turbine-blade tip speed re-
sulted in a large turbine diameter with the centrifugal pump, and con-
sequently a heavier turbine. It maybe noted again at this point that
the conditions selected for the subject investigation impose a penalty
on the centrifugal pumpsystem. A lower head rise or higher permissible
tip speed, for example, would permit the use ¢f a single centrifugal
pumpstage and a higher rotative speed. This in turn would result in a
lighter turbine and rocket gross weights very near those associated with
the axial- and mlxed-flow pumps.

Ratios of gross weight to payload corresponding to a rocket struc-
tural weight parameter of 0.2 lie between 23._1 and 25.43, a spread of
about 7.8 percent. The turbopump systems compare in exactly the same
manner as with the lower structural parameter, since the structural
weight parameter as used in this report has n¢ effect on the turbopump
system. The greater structural parameter simply increased the sensi-
tivity of gross-to-pay ratio to changes in the turbopump system accord-
ing to equation (5). Here again the range in gross-to-pay weight ratio
for the single-turbine system is small, with _alues varying from 23.51
to 24.08. This variation is 2.4 percent and _s equivalent to 5700 pounds
of gross weight with a payload of lO,OO0pounds.

The differences in gross-to-pay weight retio result from the weights
of the turbopump componentsas well as from differences in required
turbine flow. These elements in the determination of rocket gross-to-
pay weight ratios are also shownin table I.

The lowest gross-to-pay weight ratio calculated for the single-
turbine drive was obtained with both the axia],flow pumpand the mixed-
flow pump. The mixed-flow pumpappears to be the better choice of these
two because of the greater simplicity and lower weight. This conclusion,
however, is dependent on the assumption of a constant pumpefficiency of
0.7. Because significant differences in efficiency amongthe various
pumptypes might change the associated gross-to-pay weight ratios 3 ef-
fect of efficiency must be evaluated.
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Effects of TurbopumpEfficiencies and Weights on

Gross-to-Pay Weight Ratios

The effects of pumpand turbine efficiencies on gross weight were
determined by assuming three pumpefficiencies, 0.5, 0.7, and 0.9, and
computing gross-to-pay weight ratio for a range of bleed rates. The
variation in bleed rate resulted in corresponding variations in the num-
ber of turbine stages and turbine efficiency as shownpreviously. This
was done for one turbopump system_ a mixed-flow pumpdriven by a single
turbine, and both rocket structural weight parameters, O.1 and 0.2.
Results are shownin figure lO3 which has contours of pumpefficiency
and turbine efficiency superimposed on the bleed-rate curves previously
shownin figure 4. The ordinate and abscissa of figure 4 were selected
in order to show the range in turbopumpweight as well as gross weight
and bleed rate. Figure 10(a) shows the variation in gross-to-pay weight
ratio, turbopump weight parameter, and bleed rate for a rocket struc-
tural parameter of O.1 and several values of pumpand turbine efficien-
cies. The curve of _p = 0.7 corresponds to the mixed-flow-pump -
single-turbine curve shownin figure 9(a). Turbine efficiency varied
from 0.5 to 0.8 for the assumedranges of pumpefficiency and bleed
rate, while the ratio of gross weight to payload varied from 8.04 to
8.88 - about lO percent. This range in gross weight occurs largely in
the low range of pumpand turbine efficiency, where gross-to-pay weight
ratio varies rapidly with both pumpand turbine efficiency. Increases
in pumpand turbine efficiencies above 0.7 result in relatively small
decreases in gross weight_ less than 5 percent.

The partial derivatives of gross-to-pay weight ratio with respect
to pumpand turbine efficiencies were evaluated at the point where
_P = _T = 0.7, the range where the pumpand turbine maybe expected to
operate. These derivatives indicate that 1 point in turbine efficiency
is worth about O.1 percent or 93 pounds in gross weight for a payload
of lO,000 pounds, while 1 point in pumpefficiency is worth 0.2 percent
or 160 pounds.

Figure lO(b) showsthe effects of pumpand turbine efficiencies
with a rocket structural weight parameter of 0.2. As before, the in-
crease in structural parameter increased the sensitivity of gross-to-pay
weight ratio to changes in the turbopump system. Gross-to-pay weight
ratio varies from 22.1 to 30.8_ a range of about 33 percent, with most
of this variation occurring in the range of low pumpand turbine effi-
ciencies. Increases in pumpand turbine efficiencies above 0.7 result
in a decrease in gross weight of about 7 percent.

The partial derivatives of gross-to-pay weight ratio with respect
to pumpand turbine efficiency at this structural weight parameter (0.2)
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and efficiencies of 0.V show that i point in turbine efficiency is then
worth 0.4 percent in gross weight 3 about 890 pounds with a payload of
103000 pounds. Similarly_ 1 point in pumpefficiency is worth about 0.6
percent or 1360 pounds in gross weight for a 10,000-pound payload.

The effects of turbine and pumpweights on rocket gross weight were
evaluated in a similar manner in order to establish the relative impor-
tance of componentweight and componentefficiency. This was done for
the samereference pointj where turbine and pumpefficiencies are 0.7 in
the mixed-flow-pump - single-turbine system.

Increases in turbine and pumpweights resulted in increases in
rocket gross weight that were less significant than those associated
with changes in efficiency. With a structural weight parameter of O.13
a 1-point increase in pumpweight resulted in a gross-weight increase of
0.014 percent. Comparingthis with the effect of pumpefficiency shows
that 1 point in pumpefficiency is as signiflc_nt as 13 percent in pump
weight. Similarly 3 a 1-point increase in turbine weight resulted in a
gross-weight increase of 0.0173 indicating that 1 point in turbine effi-
ciency is as significant as 7 percent in turbine weight. Calculations
madewith a rocket structural weight parameter of 0.2 showedapproxi-
mately the sameeffects_ 1 point in pumpefficLency is as significant as
14 percent in pumpweight, while 1 point in turbine efficiency is as sig-
nificant as 8 percent in turbine weight.

The mixed-flow-pump - single-turbine comb[nation was selected to
evaluate the effects of componentefficiency aad weight because it ap-
pears to be the best system from the standpoin_ of simplicity# and there-
fore reliability t as well as gross-weight optimization. The variation
in gross-to-pay weight ratio with turbine and i?umpefficiencies was
caused by the associated changes in required b Leedrate and turbine
weight. The variation in gross-to-pay weight ratio with turbine and
pumpweights 3 however# was effected only by th_ componentweights while
all other parameters in the gross-to-pay weigh_ ratio determination re-
mained constant. Since these would be about the samefor other turbo-
pumpcombinations 3 the effect of varying turbo_ump efficiencies and
weights with the mixed-flow-pump - single-turbine system maybe consld-
ered representative of the entire group.

CONCLUSIONS

The results and conclusions of an investigation of the effects of
turbopump design on gross-welght characteristics of a high-pressure
bleed-type, hydrogen-propelled nuclear rocket are as follows:

1. Large numbersof turbine stages are required in order to mini-
mize turbine flow rate and rocket gross weight. Gross weight increased
significantly with all turbopump systems as the numberof turbine stages
was reduced below eight.
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2. The twin-turbine drive system is undesirable for all of the pump
types investigated. This system provided twice the exit flow area of a
single turbine with the samespeed and stress limits and also twice the
weight for the samenumberof stages. The reduction in flow rate pro-
vided by the increase in exit flow area was less significant than the
increase in turbine weight resulting in higher gross-to-pay weight
rat los.

3. Rocket gross weight varied within 1.0 percent with twelve tur-
bine stages in the three single-turbine systems investigated with a
rocket structural weight parameter of 0.i. This range was increased to
2.4 percent with a rocket structural weight parameter of 0.2. The small
range in gross-to-pay weight ratio indicates that any of the three
single-turbine systems could be used with little effect on gross weight
provided all pumpsoperated at the sameefficiency 3 as assumedin the
first part of the investigation.

4. The partial derivatives of gross-to-pay weight ratio with re-
spect to pumpefficiency indicate that 1 point in pumpefficiency is
worth 0.2 percent in gross weight with pumpand turbine efficiencies of
0.7 and a structural weight parameter of 0.1. Increasing the structural
parameter of 0.2 makes1 point in pumpefficiency worth 0.6 percent in
gross weight. Similarly 1 point in turbine efficiency is worth O.1 per-
cent in gross weight with a structural weight parameter of O.l_ and 0.4
percent with a structural weight parameter of 0.2. The sensitivity of
gross weight to turbopump efficiencies therefore depends to a great ex-
tent on the level of rocket structural weight parameter.

S. Examination of the relative importance of weight and efficiency
of the turbopump componentsshowedthat 1 point in pumpefficiency is
as significant as 15 percent in pumpweight 3 and 1 point in turbine ef-
ficiency is as significant as 7 percent in turbine weight in terms of
the effect on rocket gross weight.

Lewis Research Center
National Aeronautics and SpaceAdministration

Cleveland3 Ohio3 February 253 1959
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APPENDIX A

SYMBOLS

frontal area, sq ft

acceleration due to gravity# 32.17 ft/sec 2

suction head, ft

altitude _ ft

specific work, Btu/lb

specific impulse_ sec

mechanical equivalent of heat, ft-lb/Btu

rotatlve speed, rpm

number of turbine stages

pressure# lb/sq in.

pump pressure rise, lb/sq in.

flow rate, gal/mln

radius, in.

structural parameter

ratio of turbopump weight to propellan'_ weight t WTP/Wpr

suction specific speed defined as N__
_H

time, sec

blade speed, ft/sec

velocity, ft/sec

weight, lb

flow rate, lb/sec
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Y bleed rate, ratio of turbine flow to pump flow

efficiency

turbine speed-work parameter, U2/gJ_h '

Subscripts:

B

b

e

eff

g

h

L

P

PB

pr

T

TP

t

x

1

2

balance assembly

burnout, end of powered flight

empty

effective

gross

hub

payload

Pump

pump and balance assembly

propellant

turbine

turb opump

tip

axial

blade row inlet

blade row outlet
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APPENDIXB

EXAMPLEOFMATCHINGPROCEDURE

The following calculation determines gross-to-pay weight ratio and
number of turbine stages for a mlxed-flow pumpdriven by a single tur-
bine in a rocket with a structural weight parameter of 0.20 and a bleed
rate of 0.025. The actual calculations were carried to more signifi-
cant figures than are shownin the results in order to minimize scatter
amongthe calculated points.

(i) wFN2= 144Xi09 for this pump, so AT/wP = 0.00590 according
to equation (i0).

(2) Figure 8(a) then shows WT/WP : 0.787 for AT/WP = 0.00390
and y = 0.025.

(5) WpJwp = 0.865 for the mixed-flow pumpand balance assembly, so
WTp/WP = 0.865 + 0.787 = 1.653.

(4) Figure 2 shows tb = 556.5 seconds fgr y = 0.025.

(5) ASTp = STp/wpt t by definition, so ASTp = 0.00492.

(6) W_WL from figure 4(b) is then 25.9 Zor ASTp = 0.00492 and

y = 0.025.

(7) WT = 70 AT%/_ in equation (8), so Wr/w P = 70 AT/wp%/n and

n = 8.54 for WT/w P = 0.787 and A_wp = 0.OD590.

This calculation is made for a range of bleed rates to obtain the

curve shown in figure 9(b).
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TABLE I. - Pt_4P DESIGN PARAMETERS

[Determination for 10,000-1b payload.]

General

Loaded

stages

Inducer

Parameters

Hsv, ft

2@, Ib/sq in. abs

N, rpm

SS

wp, Ib/sec

Wp, ib

wplwp, ib/(Iblsec)

WB/Wp, ib/(ib/sec)

Av. length, in.

Mean diam., in.

rl,t, in.

r2,t, in.

rh/r t

No. of blades

No. of stages

Rotor material

Inlet velocity, f_/sec

rt, in.

rh/r t

No. of blades

Rotor material

Inlet velocity, ft/sec

Axial

1,150

1,150

20,000

19,400

56O

506

•850

.16

55

25

5.68

5.68

.6

25

8

Stainless steel

179

Pump

_[ixed flow

1,150

1,150

20,000

19,400

360

259

.720

.14

56

52

4.38

6.28

.4

2O

2

Aluminum

23O

5.68

.5

5

Stainless steel

15S

4.80

.4

5

Stainless steel

190

Centrifugal

12150

1,150

16,000

153480

56O

288

.800

.25

28

34

3.84

6.64

.4

50

2

Aluminum

S00

4.60

.4

5

Stainless steel

2O7
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Turbopump system

(fig. 5)

TABLE II. - WEIGHT RATIOS AND BLEED RATES FOR TURBOPUMP

SYSTEMS WITH 12 STAGES IN EACH TURBINE

Turbine Pump

weight weight

param- param-

eter, eter,

WT/WP, wp/wp,
ib ib

ibs_ ibs/_

Single turbine :

Axlal-flow pump 0.94 0.85

Mixed-flow pump .94 .72

Centrifugal pump i. 47 .80

Twin turbine :

Axial- flow pump i. 88 O. 85

Divided axlal- flow i. 88 i. ii

pump

Mixed-flow pump 1.88 .72

Centrifugal pump 2.94 .80

Balance- Turbopump

assembly weight

we ight param -

param- eter,

eter, WTp/Wp,

WB/wp' lb

ib ib}-_
ab/_

..... 1.79

0.14 1.80

.25 2.52

0.16 2.89

..... 2.99

..... 2.60

..... 3.74

Bleed

rate,

Y

O. 0228

•0228

•0214

0. 0207

.0207

•0207

.0196

Gross-to-

pay weight

ratio for

S= 0.i,

Wg/WL

8.193

8.198

8.273

8.322

8. 331

8.272

8. 432

Gross-to-

pay weight

ratio for

= 0.2,

Wg/WL

23.51

23.53

24.08

24.43

24.61

24.05

25.43
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Figure i. - Nuclear rocket with bleed system for turbopump drive,



23

0

0

0
I

0

0 ,-H

0

0

\
0

6

-H

!
0

I

0

bO

0

©

%

©

0

-0

!

d

bO
.r-t



84

\

\
\

\
\

\

0 "-,D 0,.1 CO
Lf) _ "_ 1,0 1,0

\

a_s cSk_TT_ peascod _o uoT_.mfl

0

t_
0

-r4

_0
0
• ©

0

bO 0
0

0

0

_ °
% ®

0,--I _

,-t
,o

o

0 -0

I

a;

bD

0



25

hO

0

0

+_

o

t_

0

0
,,-I

9.2

8.8

8.4

8.0
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24 _ _ _ / .020
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0 .002 .004 .006 .008 .010

Turbopump-to-propellant weight ratio, AqTp

(b) Structural parameter, _, 0.2.

Figure 4. Effect of turbopump weight on ratio

of gross weight to payload at several bleed
rates.
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Axial-flow pump

Axial-flow pump

Mixed-flow pump Divided axial-flow pump

IF- ± l

Centrifugal-pump Mixed-flow pump

P P_mp Centrifugal pump

T Turbine

B Balance assembly [I]| [ [

Liquid flow

Gas flow

(a) Single-turbine drive. (b) Twin-turbine drive.

Figure 5. - Turbopump configurations considered for use Ln hydrogen-propelled nuclear rocket.
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Figure 6. - Continued. Hydrogen pumps.



3O

I

P4

0

• 1 Q)

r-I
i-I

cIJ 0
rj

v

r_



31

Exit collector'_

Figure 7. - Hydrogen turbine.
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(a) Single-turbine drive.

Figure 8. - Variation in turbine weight with f:,ontal area at several bleed
rates with a pump efficiency of O.7.
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area at several bleed rates with a pump efficiency of 0.7.
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Single turbine:

Axial-flow pump -_
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i
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Number of turbine stages, n

(a) Structural parameter, _, 0. i.

- Effect of turbine-stage number on gross weight with seven

turbopump systems.
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2 4 6 8 i0 12 14 16 18

Number of turbine stages, n

(b) Structural parameter, S, 0.2.

Figure 9. Concluded. Effect of turblne-stage number on gross weight with

seven turbopump systems.



36

8.0
•0036 .0040 .0044 .0048 .0052 .0056 .0060
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(a) Structural parameter, _, 0. i.

.0064

Figure i0. - Effects of turbine and pump efficiencies on rocket gross
weight and turbopump weight with mixed-flow pump and single turbine.
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Figure i0. - Concluded. Effects of turbine and pump efficiencies on

rocket gross weight and turbopump weight with mixed-flow pump and

single turbine.
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